INTRODUCTION {#s1}
============

Nasopharyngeal carcinoma (NPC) is endemic in Southern China and Southeast Asia, with a high incidence rate of approximately 10-50/100,000 per year \[[@R1], [@R2]\]. NPC is generally sensitive to radiation therapy and the 5-year survival rate of stage I and II NPC treated with radiotherapy is up to 90% \[[@R3]\]. However, NPC shows the highest metastasis features among head and neck cancers, with 74.5% and 19.9% of patients presenting with regional lymph node metastasis and distant metastasis including bone, liver and lung at the time of diagnosis, respectively \[[@R4]\]. Despite substantial improvements in radiation technique and concurrent-adjuvant chemotherapy during the recent decades, the prognosis for advanced NPC (stage III and IV) is still poor with a 5-year survival rate range from 50% to 70% \[[@R5], [@R6]\]. Metastasis is the main obstacle in the current clinical management of NPC. Therefore, a clearer understanding of the molecular bases of NPC metastasis is therefore critical for further improving the survival rate of patients with NPC.

TRIM29 gene, also known as ATDC (ataxia-telangiectasia group D complementing gene), located at chromosome 11q23, was initially identified in a research for the gene responsible for the genetic disorder ataxia-telangiectasia and could increase radioresistance of cells \[[@R7]\]. TRIM29 is a member of the tripartite motif (TRIM) family, which is characterized by a RING finger domain, a B box type 1 (B1) and B box type 2 (B2), and a coiled-coil region \[[@R8]-[@R10]\]. Unlike most other TRIM proteins, TRIM29 does not have a RING domain, suggesting that TRIM29 has no E3 ubiquitin ligase activity. The TRIM family of proteins has been implicated in a variety of physiological processes, such as development, oncogenesis, apoptosis and antiviral defense \[[@R11]-[@R13]\].

Studies show that TRIM29 has been involved in a variety of cancers. However, the expression levels and biological functions of TRIM29 are different in various types of cancer. Microarray analysis indicates that TRIM29 is over-expressed in lung, pancreatic, gastric, bladder, colorectal, ovarian and endometrial cancers, as well as plasma cell myeloma \[[@R14]-[@R19]\]. Moreover, TRIM29 over-expression correlates with poor histological grade, large tumor size, extensive tumor invasion and lymph node metastasis in gastric cancer \[[@R20]\] and invasive phenotype in pancreatic cancers \[[@R13]\], suggesting that TRIM29 functions as an oncogene. Despite its oncogenic effect in certain cancers, TRIM29 is also implicated as a tumor suppressor in some types of breast and bone cancers, and is downregulated in breast and prostate cancers, and cisplatin-resistant oral squamous cell carcinoma cell line \[[@R21]-[@R25]\]. These results suggest that the role of TRIM29 might be different, depending on the cell type, its expression level, posttranslational modification and tissue context.

In a previous study, we characterized mRNA and miRNA expression profiles of human NPC cell lines C666-1, CNE2 and non-neoplastic cell line NP69, immortalized from human nasopharyngeal epithelial cells, by RNA sequencing (RNA-seq) (unpublished data). Among the significantly differentially expressed genes, TRIM29 was one of the most highly upregulated genes observed in C666-1 and CNE2 cells compared with NP69 cells (logFC = 9.4 and 10.4, respectively, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). TRIM29 mRNA overexpression was further validated in NPC biopsies by using quantitative real-time PCR (qRT-PCR). To the best of our knowledge, TRIM29 expression and its relationship with clinicopathological features in NPC patients have not been characterized yet. Our findings indicate that TRIM29 might play an important role in the development and progression of NPC.

In the present study, we demonstrate that TRIM29 protein is overexpressed in 69 NPC tissues by immunohistochemistry, and positively correlated with tumor size, clinical stage and distant metastasis. Ectopic expression of TRIM29 in NPC cells promotes cell survival, epithelial mesenchymal transfer (EMT) and invasion/metastasis. Furthermore, our results show that TRIM29 can regulate the key constituent proteins in the PTEN/Akt/mTOR signaling pathway (PTEN, p-Akt, p-p70S6K and p-4E-BP1). Our study suggests that TRIM29, acting as an oncogene, promote EMT, invasiveness and metastasis of NPC cells by activation of the PTEN/AKT/mTOR pathway.

RESULTS {#s2}
=======

TRIM29 is over-expressed and associated with distant metastasis in NPC {#s2_1}
----------------------------------------------------------------------

With RNA sequencing, TRIM29 mRNA was found to be highly overexpressed in NPC cell lines C666-1 and CNE2 compared with non-NPC NP69 cells, which was confirmed by qRT-PCR. To further verify TRIM29 overexpression in NPC, we employed qRT-PCR to determine TRIM29 expression in 25 snap-frozen NPC tissues and 17 non-cancerous nasopharyngitis (NP) tissues. The result indicates that TRIM29 mRNA expression level is indeed higher in NPCs than in NPs (*p* \< 0.05, Figure [1A](#F1){ref-type="fig"}).

Then we wonder whether TRIM29 protein is also overexpressed in NPC. Western blot analysis was applied to determine protein expression level of TRIM29 in a panel of NPC cell lines (5-8F, 6-10B, S-18, S-26, CNE1, CNE2 and SUNE2). TRIM29 protein is undetectable in non-neoplastic cell line NP69, whereas it can be detected in different expression level in all of NPC cell lines (Figure [1B](#F1){ref-type="fig"}). Interestingly, the protein expression level of TRIM29 is obviously higher in 5-8F cells with high metastatic potential than in 6-10B cells with low metastatic potential, and also higher in the poorly-differentiated CNE2 cells than in the well-differentiated CNE1 cells, suggesting that TRIM29 may be involved in NPC progression.

To figure out the clinical significance of TRIM29 overexpression in NPC patients, we used immunohistochemistry (IHC) to measure TRIM29 protein expression in 69 NPC tissues. Under a microscope, TRIM29 protein was primarily observed in the cytoplasm of the tumor cells (Figure [1C](#F1){ref-type="fig"}).

The IHC staining scores for TRIM29 in these NPC samples range from 0.05 to 3, and the NPC samples were classified as high and low TRIM29 expression using the median score (1.88) as the cutoff point. 39 out of the 69 (56.52%) NPC samples were identified as high TRIM29 expressing (staining index \> 1.88). The relationship between TRIM29 expression and clinicopathological parameters was analyzed. As shown in Table [1](#T1){ref-type="table"}, significant and positive associations were observed between TRIM29 over-expression and tumor size (T1-T2 *versus* T3-T4: 37.5% and 73.0%, *p* = 0.0065), lymphoid metastasis (N0-1 *versus* N2-3: 42.5% and 79.3%, *p* = 0.0049), distant metastasis (M0 *versus* M1: 23.1% and 53.3%, *p* = 0.0193) and clinical stage (stage I-II *versus* stage III-IV: 13.0% and 47.8%, *p* = 0.0102). No significant associations were found between TRIM29 expression and any other clinicopathological features. All of above results suggest that TRIM29 play an oncogenic role in NPC development and progression.

![TRIM29 is highly expressed in human NPC\
**A.** TRIM29 mRNA levels were validated in snap-frozen human NPC (*n* = 25) and non-cancerous nasopharynx tissues (*n* = 17) by using quantitative real-time PCR analysis. TRIM29 expression was significantly higher in NPC than that in NP tissues (*p* \< 0.05, independent Student\'s *t*-test). **B.** protein expression levels of TRIM29 analyzed by Western blot in a panel of NPC cell lines. Note the higher expression is observed in high metastatic cell line 5-8F compared with the low metastatic 6-10B cells. GAPDH is used as a loading control. **C.** TRIM29 immunostaining of representative samples of NPC with or without metastasis. The scale bar indicates 100 μM (upper lane) or 50 μM (lower lane).](oncotarget-07-13634-g001){#F1}

###### Relationship between TRIM29 expression and clinicopathologic parameters of NPC patients

  Characteristics            Number   TRIM29 protein   *P* value    
  -------------------------- -------- ---------------- ------------ --------
  **Age**                                                           
  ≤ 50years                  40       19(47.5%)        21(52.5%)    0.5854
  \> 50years                 29       11(37.9%)        18(62.1%)    
  **Gender**                                                        
  Male                       50       22(44.0%)        28(56.0%)    0.8965
  Female                     19       8(42.1%)         11(57.9%)    
  **EBV DNA copy**                                                  
  ≤4000                      24       10(41.7%)        14(58.3%)    0.9734
  \>4000                     45       20(44.4%)        25(55.6%)    
  **EA-IgA**                                                        
  \<1:10                     17       10(58.8%)        7(41.2%)     0.2592
  ≥1:10                      51       20(39.2%)        31(60.8%)    
  **VCA-IgA**                                                       
  \<1:80                     15       5(33.3%)         10(66.7%)    0.5474
  ≥1:80                      54       25(46.3%)        29(53.7%)    
  **Tumor size**                                                    
  T1-T2                      32       20(62.5%)        12((37.5%)   0.0065
  T3-T4                      37       10(27.0%)        27(73.0%)    
  **Lymphatic metastasis**                                          
  N0-1                       40       23(57.5%)        17(42.5%)    0.0049
  N2-3                       29       6(20.7%)         23(79.3%)    
  **Distant metastasis**                                            
  Yes                        30       14(46.7%)        16(53.3%)    0.0193
  No                         39       30(76.9%)        9(23.1%)     
  **Tumor stage**                                                   
  I-II                       23       20(87.0%)        3(13.0%)     0.0102
  III -IV                    46       24(52.2%)        22(47.8%)    

Upregulated TRIM29 is caused by downregulated miR-335-5p and miR-15b-5p in NPC {#s2_2}
------------------------------------------------------------------------------

Studies have demonstrated that microRNA (miRNA) play a critical role in gene post-transcriptional regulation. Therefore, we hypothesize that TRIM29 overexpression in NPC is caused by dysregulation of related miRNAs. In our previous microRNA-sequencing analysis, the expression of miR-335-5p and miR-15b-5p was found to be obviously down-regulated in NPC cell lines CNE2 and C666-1 compared with non-neoplastic NP69 cells ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}), while TRIM29 was overexpressed in the two NPC cell lines. This finding was further validated in snap-frozen biopsies of NPC (25 cases) and NP tissues (17 cases) using qRT-PCR in the current study (Figure [2A](#F2){ref-type="fig"}). These results imply that TRIM29 may be a target of miR-335-5p and miR-15b-5p.

As expected, TRIM29 is predicted as a target of miR-335-5p and miR-15b-5p in TargetScan and miRanda databases because the sequences of both miRNAs are complementary to the sequences (seed sequences) in the 3′UTR of TRIM29 (Figure [2B](#F2){ref-type="fig"}). We thus tested whether miR-335-5p and miR-15b-5p could target the 3′-UTR of TRIM29 with dual luciferase reporter assay. As shown in Figure [2C](#F2){ref-type="fig"}, miR-335-5p or miR-15b-5p overexpression markedly decreases the luciferase activity in 5-8F cells co-transfected with miR-335-5p or miR-15b-5p and reporter gene vector containing the wild-type 3′-UTR sequences of TRIM29 (pMIR-wt-TRIM29-3′-UTR), when compare with the negative control (NC) miRNA. To verify the reduced luciferase activity was caused by the two miRNAs binding to the seed sites, the two seed sequences in TRIM29 3′ UTR were mutated simultaneously. When co-transfected with mutated 3′-UTR sequence of TRIM29 (pMIR-mt-TRIM29-3′-UTR) and miR-335-5p or miR-15b-5p into 5-8F cells, luciferase activity was not changed in these cells compared with the cells transfected with control sequence, indicating that the two miRNAs can directly bind to the seed sequences of TRIM29 3′-UTR. Moreover, 5-8F cells co-transfected with a antagomiR-335-5p or antagomiR-15b-5p and wild type 3′-UTR (pMIR-wt-TRIM29-3′-UTR) have a significantly increased luciferase activity compared with the cells co-transfected with a negative control miRNA and wild type 3′-UTR (Figure [2C](#F2){ref-type="fig"}), indicating that the antagomiRs have inhibited functions of endogenous miR-335-5p and miR-15b-5p. In order to further verify that miR-335-5p and miR-15b-5p can inhibit TRIM29 expression, the expression level of TRIM29 was examined in 5-8F cells with miR-335-5p and/or miR-15b-5p down-regulation or overexpression. Western blot analysis reveals when miR-335-5p and/or miR-15b-5p expression is suppressed, TRIM29 protein is increased. Conversely, TRIM29 protein is markedly downregulated when both miRNAs are simultaneously upregulated in the same cells (Figure [2D](#F2){ref-type="fig"}). These results demonstrate that TRIM29 is a target for miR-335-5p and miR-15b-5p, and that TRIM29 over-expression is caused by downregulation of miR-335-5p and miR-15b-5p in NPC.

![miR-335-5p and miR-15b-5p regulates TRIM29 expression at the post-transcriptional level\
**A.** miR-335-5p and miR-15b-5p expression levels were validated in snap-frozen human NPC (*n* = 25) and non-cancerous nasopharynx tissues (*n* = 17) by using quantitative real-time PCR analysis. MiR-335-5p and miR-15b-5p expression was significantly reduced in NPC than that in NP tissues (*p* \< 0.001, independent Student\'s *t*-test). **B.** Predicted miR-335-5p and miR-15b-5p target sequences in the 3′UTRs of TRIM29. **C.** Relative luciferase activity of wt or mutant reporter plasmid co-transfected into 5-8F cells with miR-335-5p or miR-15b-5p mimics together with the negative control, or with miR-335-5p or miR-15b-5p inhibitors with the negative control. Cell lysates were obtained after 48h for analysis. Luciferase activity was normalized to that of the control group to obtain relative luciferase activity. "Wt" represents pMIR-wt-TRIM29-3′-UTR wild-type plasmid vector, and "mt" represents pMIR-mt-TRIM29-3′-UTR mutant reporter plasmid vector. Data were means ± SD (*n* = 3). Asterisks indicate values that are significantly different from the NC group (\**P* \< 0.05, \*\**P* \< 0.01). **D.** Representative immunoblots of TRIM29 protein expression after treatment with miR-335-5p and miR-15b-5p mimics or inhibitors in 5-8F cells.](oncotarget-07-13634-g002){#F2}

Upregulation of TRIM29 enhances oncogenic growth and inhibits cell apoptosis of NPC {#s2_3}
-----------------------------------------------------------------------------------

To explore the biologic role of increased TRIM29 in the development and progression of NPC, we generated TRIM29-overexpressing cell lines from both S-18 and 6-10B cell lines (Figure [3A](#F3){ref-type="fig"}). The MTT and colony formation assays show that over-expression of TRIM29 significantly increase the growth rate of both NPC cells compared with that of control cells (Figure [3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}). We further analyzed cell apoptosis by Annexin V/PI staining and flow cytometry, which showed a dramatically decreased apoptosis in 6-10B-TRIM29 and S-18-TRIM29 cells compared with control cells (Figure [3D](#F3){ref-type="fig"}). All these results suggest that up-regulation of TRIM29 promotes the proliferation and inhibits apoptosis of NPC cells.

![TRIM29 promotes NPC cell proliferation and tumorigenesis\
**A.** Western blot analysis of TRIM29 over-expression efficiency in S18-TRIM29 and 6-10B-TRIM29 cells at a protein level. **B.** MTT assay shows that TRIM29 over-expression in NPC cells promotes cell growth in S-18 and 6-10B cells. **C.** Assessment of clonogenic potentials of the TRIM29 over-expressing cells by counting colony numbers. A remarkable increase in colony numbers was observed in the S-18-TRIM29 and 6-10B-TRIM29 cells in comparison with control. Columns represent the mean value of 3 duplicates; bars represent standard deviation. \*\* indicates a statistical significance in difference between the indicated 2 bar values (*p* \< 0.01). **D.** TRIM29 inhibits apoptosis in NPC cells. 6-10B and S-18 cells expressing empty vector or TRIM29 were collected and stained with PI and Annexin V.](oncotarget-07-13634-g003){#F3}

Tumor growth in nude mice was also performed with S-18-TRIM29 cells. The results show that average weight of tumors formed from TRIM29 overexpressing S-18 cells is significantly heavier than that of control tumors (Figure [4A](#F4){ref-type="fig"}). With immunohistochemical staining, all tumors formed from TRIM29-overexpressing S-18 cells present strong cytoplasmic positivity for TRIM29 antibody, but only weak signals were found in the tumors from vector-expressing S-18 cells (Figure [4B](#F4){ref-type="fig"}), indicating that TRIM29 overexpression promotes tumor growth.

![TRIM29 over-expression promotes NPC tumor growth in xenograft nude mice\
**A.** Left panel shows images of xenograft tumors at the end of study in nude mice that received a subcutaneous injection of S-18 cells over-expressing TRIM29 or carrying a control vector. Right panel shows weights of individual tumors in the two groups. **B.** H&E and IHC staining for TRIM29 in TRIM29-over-expressing and control tumors derived by S-18 (magnification 200 ×).](oncotarget-07-13634-g004){#F4}

TRIM29 promotes migration and invasion of NPC cells {#s2_4}
---------------------------------------------------

The above results show that TRIM29 expression is more than 5 times higher in 5-8F cells with high metastatic potential than the paired 6-10B cells with low metastatic potential (Figure [1B](#F1){ref-type="fig"}). Moreover, TRIM29 expression level in tumor cells is significantly higher in metastatic NPC patients than non-metastatic cases (Table [1](#T1){ref-type="table"}). These results suggest a role of TRIM29 expression in NPC metastasis and progression. We hence interrogated the effect of TRIM29 over-expression on NPC cell migration and invasion by both *in vitro* and *in vivo* assays. S18 and 6-10B cells stably expressing TRIM29 were used in wound-healing and transwell migration assays. In wound healing assay, cell migration rate was remarkably increased in TRIM29-expressiong cells as compared with control cells (Figure [5A](#F5){ref-type="fig"}). In the matrigel coated transwell assay, the average number of the migrated cells in TRIM29-expressing S-18 group (318 ± 17.09) and 6-10B group (1973.33 ± 64.29) was also significantly higher than that in the control S-18 group (74.67±4.51) and 6-10B group (465.33±13.61), respectively (both *p* \< 0.05, Figure [5B](#F5){ref-type="fig"}).

![TRIM29 induces NPC cell migration and invasion\
**A.** Wound-healing assays show that S18-TRIM29 and 6-10B-TRIM29 cells had higher motility compared with that in control cells. Left, representative images taken at 0 hr and 24 hr after scratching. Right, quantification of cell migration results that are expressed as the mean ± SD of three independent experiments. \*\**p* \< 0.01 by Student\'s *t* test. **B.** Cell invasion was evaluated using a matrigel invasion chamber. TRIM29 over-expression increased S-18 and 6-10B cell invasive capacity. Left, representative images of cells that migrated through the PET membrane (magnification 200 x). Right, quantification of cell invasion data. Results are expressed as mean ± SD of three independent experiments. \*\*\**p* \< 0.001 by Student\'s *t* test. **C.** Knockdown of endogenous expression of TRIM29 in 5-8F cells *via* siRNA transfection was confirmed by Western blot. D. Inhibition of TRIM29 expression leads to much reduced cell invasiveness in 5-8F cells.](oncotarget-07-13634-g005){#F5}

To further investigate whether endogenous TRIM29 promotes invasion of NPC cells, loss-of-function studie (siRNA against TRIM29) was conducted. As shown in Figure [5C](#F5){ref-type="fig"}, endogenous TRIM29 in 5-8F cell was silenced by each of three specific siRNA oligos against TRIM29. Matrigel coated transwell assay was performed in 5-8F cells, which showed that the average number of the invaded cells was 262.67±14.19, 258.33±7.64 and 276.67±3.51, in 5-8F cells transfected with the three different siRNAs, respectively, which were significantly lower than that (1060±121.66) in cells treated with control siRNA (*p* \< 0.05) (Figure [5D](#F5){ref-type="fig"}).

TRIM29 induces epithelial-mesenchymal transition (EMT) phenotype *in vitro* and promotes metastasis *in vivo* in NPC {#s2_5}
--------------------------------------------------------------------------------------------------------------------

The results show that TRIM29 promotes migration and invasion of NPC cell, which suggest that epithelial-mesenchymal transition (EMT) should be involved in these processes. To this end, we used western blot analysis to detect EMT phenotype of NPC cells with TRIM29 over-expression. In TRIM29 over-expressed S-18 and 6-10B cells, the expression of epithelial markers α-catenin and E-cadherin decreased, whereas the expression of mesenchymal markers fibronectin and vimentin were elevated compared with the control cells (Figure [6A](#F6){ref-type="fig"}). The opposite results were obtained from the 5-8F cells transfected with specific siRNAs against TRIM29 (Figure [6B](#F6){ref-type="fig"}). Taken together, these data strongly suggest that TRIM29 over-expression can induce EMT in NPC cells.

![TRIM29 expression promotes NPC cell epithelial-mesenchymal transition and metastasis in nude mice\
**A.** Western blotting reveals a reduced expression of epithelial makers (E-cadherin and α-catenin) and an increased expression of mesenchymal markers (fibronectin and vimentin) in TRIM29-expressing S-18 and 6-10B cells in comparison with the vector controls. GAPDH was used as a loading control. **B.** Western blotting assay shows increased levels of E-cadherin and α-catenin, and decreased levels of fibronectin and vimentin in 5-8F-shTRIM29 cells compared with that in shNC treated cells. **C.** Over-expression of TRIM29 promoted S-18 cell invasion and metastasis in athymic nude mice *in vivo*. Left, representative images show lungs with metastatic NPC tumors; left (lower), number of metastatic nodules formed in the lung of mice 6 weeks after tail vein injection of S-18-vector and S-18-TRIM29 cells (5 mice per group; *p* \< 0.01; independent Student\'s *t-*test); right, Examples of haematoxylin and eosin staining in two lung samples originating from S-18-vector and S-18-TRIM29 cell-injected mice (magnification 400×).](oncotarget-07-13634-g006){#F6}

The *in vitro* experiments above show that TRIM29 promotes migration, invasion and EMT, all of which can facilitate metastasis of NPC cells. To confirm that TRIM29 was critical in NPC metastasis *in vivo*, S-18 cells stably expressing TRIM29 or a control sequence were injected into the tail vein of nude mice. Eight weeks after injection, the mice were sacrificed, and metastatic tumor nodules formed in the lung were examined. A much greater number of metastatic nodules are found on the surface of the lung in mice treated with TRIM29-overexpressing NPC cells than those with the control cells (Figure [6C](#F6){ref-type="fig"}). These observations indicate that TRIM29 overexpression promotes NPC metastasis *in vivo*.

TRIM29 promotes metastasis in NPC by stimulating PI3K/AKT/mTOR signaling pathway {#s2_6}
--------------------------------------------------------------------------------

Since the PI3K/Akt pathway regulates metastasis and is frequently activated in cancer tissues including NPC, we examined the correlation between TRIM29 and the key moleculars of AKT signaling pathway (AKT, P70S6K and 4EBP1) using immunoblotting studies. An increase in the levels of phosphorylated (active) AKT, P70S6K and 4EBP1, but not the total amounts of these proteins, was observed in S-18 and 6-10B cells over-expressing TRIM29 (Figure [7A](#F7){ref-type="fig"}). Conversely, siRNA-mediated depletion of TRIM29 in 5-8F cells increased the levels of phosphorylated AKT, P70S6K and 4EBP1 (Figure [7B](#F7){ref-type="fig"}).

![TRIM29 activates PTEN/AKT/mTOR signal pathway in NPC cells\
**A.** & **B.** Western blotting analysis reveals that TRIM29 over-expression decreases PTEN and increases phosphorylated protein level of AKT, S6K and 4E-BP1 (pAKT, p-p70S6k and p4E-BP1) expression in S-18 and 6-10B cells (A), whereas knockdown of TRIM29 increases PTEN and decreases the protein levels of pAKT, p70S6k and p4E-BP1 in 5-8F cells (B), without significant changes in total p70S6K, 4E-BP1 and AKT expression. GAPDH was used as a loading control. **C.** Correlation between of TRIM29 and PTEN and p4E-BP1 expression in NPC tissues (*n* = 21). Immunohistochemical staining of representative NPC samples without (left panel) or with metastasis (right panel) (magnification 400×). Pearson correlation coefficient was calculated on the basis of the relative protein expression levels (IHC scores) of TRIM29, PTEN and p4E-BP1 in NPC samples.](oncotarget-07-13634-g007){#F7}

It is well known that the tumor suppressor PTEN negatively regulates the PI3K/Akt pathway \[[@R26]-[@R28]\]. Therefore, we compared PTEN expression levels among TRIM29-expressing, siTRIM29-expressing, and control cells. Western blotting results revealed that TRIM29 over-expression led to down-regulation of PTEN protein levels, while TRIM29 silence resulted in a significant up-regulation of PTEN (Figure [7A and 7B](#F7){ref-type="fig"}), suggesting that TRIM29 negatively regulates PTEN expression.

To explore the clinical relevance of TRIM29 regulation of PTEN/AKT/mTOR pathway in NPC, we performed IHC analysis in 21 NPC tissues, and calculated the correlation coefficients between the expression levels of TRIM29 and the PTEN and p-4E-BP1. We found significant linear correlations between TRIM29 and PTEN (R square = 0.289, *P* = 0.0387), and TRIM29 and p-4E-BP1 (R square = 0.5761, *P* = 0.001) in NPC tissues (Figure [7C](#F7){ref-type="fig"}). These results support our finding that TRIM29 is involved in PTEN/AKT/mTOR pathway regulation in NPC progression.

To further clarify the importance of PTEN/AKT/mTOR signalling pathway in NPC metastasis, we examined the effects of the AKT inhibitor, mTOR inhibitor rapamycin and siRNA targeting PTEN on the invasion induced by TRIM29. The enhanced invasion in S-18 and 6-10B cells caused by overexpressing TRIM29 was suppressed by treatment of rapamycin (20 ng/ml) (Figure [8A](#F8){ref-type="fig"}) and AKT inhibitor VIII (20 μM) (Figure [8B](#F8){ref-type="fig"}). In addition, the reduced invasion of 5-8F cells by TRIM29 inhibition was restored by suppression of PTEN expression by siRNA (Figure [8C](#F8){ref-type="fig"}). Moreover, suppression of PTEN in TRIM29-repressed cells rescued AKT/mTOR activities of NPC cells (Figure [8D](#F8){ref-type="fig"}). All of these findings confirmed that the TRIM29 promotion of invasion of NPC cells depends on PTEN/AKT/mTOR signaling.

![Inhibitors of the PTEN/AKT/mTOR pathway could abolish the effect of TRIM29 on the NPC cell invasion\
**A.** Invasive abilities of S-18 and 6-10B cells expressing TRIM29 or the empty vector evaluated by Transwell assay after treatment with or without 20 ng/ml of rapamycin. **B.** Invasive abilities of S-18 and 6-10B cells expressing TRIM29 or the empty vector as evaluated by Transwell assay after pretreatment with 20 μM of AKT inhibitor VIII. **C.** Suppression of PTEN expression by siRNA restored the reduced invasion in TRIM29-suppressing 5-8F cells. Transwell assay was performed in 5-8F cells transfected with siRNA-TRIM29, siRNA-TRIM29 plus siRNA-PTEN, or NC. **D.** Suppression of PTEN expression by siRNA in TRIM29-repressed cells rescued AKT/mTOR activities.](oncotarget-07-13634-g008){#F8}

DISCUSSION {#s3}
==========

Although the exact functions have yet to be specified, TRIM29 has been shown to increase aggressiveness of certain cancers. It was reported that TRIM29 expression was correlated with poor histological grade, large tumor size, great extent of tumor invasion and lymph node metastasis in gastric cancer \[[@R20]\], and was increasing during the progress from normal pancreatic ductal epithelium to infiltrating cancer, which suggests that up-regulation of TRIM29 promote the development of invasive pancreatic cancer \[[@R13]\]. However, under-expression of TRIM29 in breast and prostate cancer has also been reported using serial analysis of gene expression (SAGE) and DNA microarray analysis \[[@R22], [@R25]\]. TRIM29 can cause reversion of a malignant phenotype in osteosarcoma and breast cancer cell lines \[[@R29]\]. These reports indicate that the expression pattern and biological function of TRIM29 in carcinogenesis and cancer cell progression may vary depending upon the tissue origin of the neoplasm.

In our previous study with aim to characterize aberrant transcript expression that contribute to the NPC oncogenesis, a combined deep sequencing of human microRNA and mRNA (RNASeq) was used to investigate the expression profiles of NPC cell lines CNE2 and C666-1 and an immortalized nasopharyngeal epithelial cell line NP69 using Illumina Hiseq 2500 (unpublished). There were 1323 and 1106 differentially expressed mRNAs (*p* \< 0.05) in C666-1 and CNE2 cells when compared with NP69 cells, respectively. One of the most highly up-regulated genes was the TRIM29 gene, which showed dramatically elevated expression in C666-1 and CNE2 compared with NP69 (logFC = 9.4 and 10.4, respectively) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Until now, there have not been any studies on the expression and role of TRIM29 in NPC. Subsequently, we confirmed the over-expression of TRIM29 in NPC samples and its positive correlation with tumor size, clinical stage and metastasis of patients. These findings were generally consistent with previous studies that suggested a possible oncogenic function of TRIM29 in certain types of cancers.

The mechanisms by which TRIM29 levels are upregulated in tumors remain unclear. Our microRNA sequencing results show that 169 and 154 microRNAs are differentially expressed in C666-1 and CNE2 against NP69 respectively (*p* \< 0.05). Among the deregulated microRNAs, miR-335-5p and miR-15b-5p expression was found to be significantly down-regulated in CNE2 and C666-1 compared with NP69. This result was validated in NPC samples by using qRT-PCR method. Moreover, the bioinformatic method and luciferase reporter assay demonstrate that TRIM29 was a validated target of miR-335-5p and miR-15b-5p, and knockdown of endogenous miR-335-5p and miR-15b-5p increased protein expression of TRIM29 in NPC cells. These results reveal that reduced expression of miR-335-5p and miR-15b-5p result in over-expression of TRIM29 in NPC. Other mechanisms might also be involved in the upregulation of TRIM29 in NPC. Recent studies showed that TRIM29 promoter was hypo-methylated in normal breast epithelium and heavily methylated in other normal epithelial tissues including colon, lung and uterine, and TRIM29 expression inversely correlated with the promoter methylation and was higher in normal breast organoids than in the other tissues \[[@R30], [@R31]\]. The detailed analysis on NPC specific methylation patterns at TRIM29 promoter needs to be further explored in the future studies.

Supporting the finding of TRIM29 protein over-expression in metastatic NPC samples, the tumor promoting effects of TRIM29 were also demonstrated by *in vitro* and *in vivo* experiments. In terms of its cellular effects, TRIM29 promoted cell proliferation, colony formation, migration and invasion, EMT, tumor formation and lung metastasis in NPC cells. Reversely, knockdown of endogenous TRIM29 reduced cell migration ability in highly aggressive 5-8F NPC cells. Our findings are in agreement with the previous observation in other cancers that TRIM29 expression increased tumor aggressiveness.

Although the involvement of TRIM29 in carcinogenesis has not been fully elucidated, several recent reports have shown the role of TRIM29 in tumorigenesis examined on the basis of functional studies. Over-expression of TRIM29 promotes the degradation of TIP60 and reduces acetylation of p53 at K120 by TIP60, resulting in an enhancement of cell proliferation and transforming activity \[[@R30]\]. In addition, TRIM29 suppresses apoptosis induced by UV irradiation in HCT116 cell lines through the inhibition of the acetylation of p53 \[[@R32]\]. Evidence from *in vitro* studies indicates that TRIM29 might stabilize disheveled 2, which negatively regulates GSK3β activity in the WNT-β-catenin signalling pathway, resulting in high expression levels of β-catenin in pancreatic cancers \[[@R13]\]. A recent report showed that TRIM29 could promote lung cancer proliferation and up-regulation of cyclin D1 and c-Myc through activation of NF-kB pathway \[[@R33]\].

To reveal the potential mechanisms underlying the aggressiveness promoting role of TRIM29 in NPC cells, the effect of TRIM29 expression on Akt/mTOR signal pathway were explored. It was reported that activated Akt/mTOR signaling pathway plays a central role in regulating cell proliferation, metastasis, and prevents apoptosis \[[@R34]\]. Activation of Akt is negatively regulated by a well-studied tumor suppressor phosphatase and tensin homolog deleted on chromosome 10 (PTEN) \[[@R35]-[@R37]\]. PTEN is thought to suppress tumor cell growth by antagonizing protein tyrosine kinases and regulate the first step of tumor cell invasion and through its interaction with focal adhesions \[[@R38], [@R39]\]. A disruption of normal PTEN/Akt signaling frequently occurs in NPC, and is correlated with a poor prognosis in NPC \[[@R40]-[@R42]\]. PTEN was significantly down-regulated in NPC \[[@R28], [@R42]\], while the mutation or deletion PTEN was not frequently observed in NPC \[[@R43]-[@R45]\], suggesting other mechanisms in NPC are likely responsible for the downregulation of PTEN. In the present study, we identified that PTEN expression was reduced, while the activated proteins in the Akt/mTOR pathway, including p-Akt, p-70S6, and p-4E-BP1 were increased in TRIM29 over-expression NPC cells. The opposite results were obtained when endogenous TRIM29 expression was knockdown by siRNAs in NPC cells. Further correlation analysis in NPC clinical samples showed that TRIM29 expression was positively associated with p-4E-BP1 and negatively associated with PTEN by using IHC analysis. Moreover, inhibitors targeting the AKT and mTOR pathway, and siRNA against PTEN abolished the effects of TRIM29 on cell invasion ability. Collectively, these findings uncover a novel molecular mechanism of activation of PTEN/AKT/mTOR signalling pathway by TRIM29 over-expression and may prove clinical useful in NPC therapy.

Our results proposed that increased expression of TRIM29 in human NPC may be important in the acquisition of an invasive and/or metastatic phenotype, thus favoring the progression of NPC to a more advanced clinic-pathologic stage. The antitumor and radiosensitizing effects of the Akt/mTOR inhibitors have been confirmed in several preclinical studies, which suggest the combination of IR with Akt/mTOR inhibitor might be a promising therapeutic strategy for NPC \[[@R46]-[@R48]\]. In the present study, our results showed that AKT Inhibitors and rapamycin abrogate cell invasion ability induced by TRIM29, which indicate inhibitors targeting the Akt/mTOR pathway may be potential for therapy of metastatic NPC expressing high levels of TRIM29. Thus, we propose that TRIM29 might be potentially used as a surrogate biomarker to guide personalized, Akt/mTOR inhibitors-targeted NPC therapy.

MATERIALS AND METHODS {#s4}
=====================

Cell lines and cell cultures {#s4_1}
----------------------------

The human NPC cell lines 5-8F, 6-10B, S-18, S-26, CNE1, CNE2 and SUNE2 were maintained in DMEM medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA). 5-8F (high tumorigenic and metastatic) and 6-10B (low tumorigenic and metastatic) are subclones of SUNE1. The human immortalized nasopharyngeal epithelial cell line, NP69, was grown in defined-KSFM medium supplemented with EGF (Invitrogen, Carlsbad, CA). All cell lines were cultured at 37°C in a humidified atmosphere of 5% CO~2~.

Patients and samples {#s4_2}
--------------------

25 cases of fresh NPC tissues and 17 non-cancerous nasopharyngitis (NP) tissues were snap-frozen and stored in liquid nitrogen until further use for qRT-PCR assay. Formalin-fixed, paraffin-embedded tissues (FFPTs) of 69 primary NPC tissues were acquired from the archives of the Department of Pathology in the Cancer center, Sun Yat-Sen University (SYSUCC) between January 2007 and December 2008. Of the 69 NPC patients, 50 were male and 19 were female, with a median age of 50 years (ranged from 37 to 75 years). Clinical information of the samples is summarized in Table [1](#T1){ref-type="table"}. The patients were histologically and clinically diagnosed as NPC, assessed according to the TNM staging of International Union against Cancer. None of the patients was subjected to radiotherapy or chemotherapy before biopsy sampling. This study was approved by the Research Ethics Committee of SYSUCC, and written informed consent was obtained from all patients.

Vectors and transfection {#s4_3}
------------------------

The coding sequences of TRIM29 were amplified and cloned into pEZ-Lv105, an HIV-based lentiviral expression plasmid, and then co-transfected into 293 FT cells with the Lenti-Pac HIV Expression Packaging Kit to generate a recombinant lentiviral particles in accordance with the manufacturers instructions (GeneCopoeia). S18 and 6-10B cells were infected with recombinant lentivirus-transducing units plus 8 mg/ml Polybrene (Sigma, St Louis, Missouri, USA). Stable cell lines expressing TRIM29 were selected using 4 μg/mL puromycin.

Small interfering RNA (siRNA) duplexes specific for TRIM29 and PTEN were purchased from RiboBio Co., Ltd (Guangzhou, China). The negative control RNA duplex (NC) for siRNA was not homologous to any human genome sequence. siRNA or NC at a final concentration of 15nM was transfected into cells in 6-well plates using Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer\'s instructions. The efficiency of transfection was measured by western blotting 48 h post-transfection.

MiR-335-5p and miR-15b-5p mimics and inhibitors were synthesized by Ribo (Guangzhou, China), respectively. Oligonucleotide transfection was performed with Lipofectamine 2000 reagent (Invitrogen).

Quantitative real-time RT-PCR (qRT-PCR) {#s4_4}
---------------------------------------

Total RNA was extracted with TRIzol reagent in accordance with the manufacturer\'s instructions (Invitrogen, CA, USA). cDNA was synthesised with the PrimeScript RT reagent Kit (Promega, Madison, WI, USA). Real-time PCR was carried out in a total volume of 10 μl, including 8 μl of TaqMan Power SYBR Green PCR Mix (Invitrogen), 0.5 μl of each primer at 25 μM, and 1 μl of cDNA. The quantitative RT-PCR was carried out on the Roche LightCycler^®^ 96 (LC96) real-time PCR platform using the 2^−ΔΔCT^ method. Gene expression results were normalized by internal control GAPDH. Each sample was tested in triplicate.

Western blot analysis and immunohistochemisty (IHC) {#s4_5}
---------------------------------------------------

Total proteins were extracted from cultured cells using RIPA buffer containing PMSF and quantified using BCA protein assay kit (Beyotime, Haimen, China). Protein lysates were subjected to SDS-PAGE and transferred onto polyvinylidenedifluoride (PVDF) membrane (Millipore, Billerica, MA) followed by incubating with a primary antibody, and then a secondary antibody. The signals were detected with KeyGEN Enhanced ECL detection kit according to the manufacturer\'s instructions (KeyGEN, NanJing, China). Rabbit polyclonal antibody against human TRIM29 was purchased from Abcam; mouse monoclonal antibodies against human α-catenin, E-cadherin, fibronectin and vimentin were purchased from BD Biosciences; rabbit monoclonal antibodies against human phospho-AKT (Ser473), AKT (pan), phospho-p70S6K (Thr389), p70S6K, phospho-4E-BP1, 4E-BP1 and PTEN were obtained from Cell Signaling Technology.

Immunohistochemistry (IHC) was performed on 69 cases of formalin-fixed, paraffin-embedded primary NPC tissues. IHC study was performed using a standard streptavidin-biotin-peroxidase complex method. In brief, slides with paraffin sections were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 15 min. For antigen retrieval, slides were microwave-treated and boiled in a 10mM citrate buffer (pH 6.0) for 10 min. The slides were incubated overnight at 4°C with rabbit antibody anti-human TRIM29, PTEN, or p4E-BP1, respectively. The staining results were evaluated and scored independently by two pathologists. The intensities were graded as 0 (negative), 1 (weakly positive), 2 (moderately positive), and 3 (strongly positive). The abundance of positive cells was graded from 0 to 100%. The staining score was determined using the following formula: overall scores = percentage score × intensity score.

Cell viability assay {#s4_6}
--------------------

Cell viability was measured by a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay (Sigma, St, Louis, Missouri, USA). In brief, cells were seeded in 96-well plates at a density of 1×10^3^ cells/well for 24 h before use. 20μl of MTT solution (5 mg/ml) was added to each well. After a further 4 h incubation, the culture medium was removed and the purple crystals were re-suspended in 150 μl of dimethyl sulfoxide (Sigma). The OD value was measured at 550 nm with a 655 nm reference filter by microplate reader (Bio-Rad, Hercules, CA). Growth rate was calculated as the ratio of the absorbance of the experimental well to that of a blank well. All experiments were performed in triplicates.

Colony formation assay {#s4_7}
----------------------

S18-TRIM29 and 6-10B-TRIM29 cells and their control cells were placed in six-well plate (300 cells/well) and cultured for 2 weeks. Colonies were fixed with methanol and stained with 0.1% crystal violet in 20% methanol for 15 min. Colonies larger than 0.1 mm diameter were scored. The experiment was performed in triplicate for each cell line.

Apoptosis assay {#s4_8}
---------------

The apoptosis assay was conducted using an Annexin V-FITC/PI Apoptosis Detection Kit (BD Pharmingen, USA) following the manufacturer\'s protocol; assays were repeated three times. The results were analyzed using Cell Quest and flow cytometry (Beckman Coulter, USA) was used to distinguish the cells as viable (Annexin V-/PI-), early apoptotic (Annexin V+/PI-) or late apoptotic (Annexin V+/PI+).

Wound healing and invasion assays {#s4_9}
---------------------------------

Cell migration was assessed by a scratch wound-healing assay. Cells were cultured in 6-well plate. After the cells reached sub-confluence, a scratching wound was generated with a sterile micropipette tip and the culture medium was replaced by serum-free DMEM, and the spread of wound closure was observed after 24 h and photographed under a microscope. Images were later analyzed by determining the distance between the cells on either side of the scratch overtime, and are represented in the figure as percent scratch closure.

For invasion assays, 5 × 10^4^ cells were seeded in a Matrigel-coated chamber (BD Biosciences) with 8 μm porosity present in the insert of a 24-well culture plate. FBS was added to the lower chamber as a chemo-attractant. After 16 h, the non-invading cells were gently removed with a cotton swab. Invasive cells located on the lower side of the chamber were fixed with 100% methanol for 20 min, stained with crystal violet for 15 min. Five random fields per well were taken, and cells were counted under a microscope. To test the effect of AKT dephosphorylation on the cell invasive abilities induced by TRIM29 expression, cells were pretreated with 20 μM AKT inhibitor VIII (MERCK) or 20 ng/ml of Rapamycin (Selleck Chemicals, USA) for 30 min before performing the invasion assays. Experiments were performed in triplicate.

Animal study {#s4_10}
------------

Six-week-old male athymic nude mice were injected subcutaneously with 4 × 10^6^ S18-TRIM29 or S18-control cells separately. The resulting tumors were examined every 3 days. Tumor size was measured using calipers, and tumor volumes were calculated (V = 0.5 × L × W^2^). After 40 days, the mice were sacrificed and the subcutaneous tumors were resected, fixed in 10% formalin, and embedded in paraffin blocks for hematoxylin-eosin (H&E) staining and IHC assay.

For the *in vivo* metastasis assays, 1 × 10^6^ S18 cells, stably expressing TRIM29 or the vector control, were injected intravenously through tail vein into each nude mice. The experiment was terminated after 8 weeks, the mice were examined and the liver and the lungs were removed and fixed with 10% formalin. Subsequently, consecutive tissue sections were made for each block of the liver and the lung, and stained with H&E. Finally, the numbers of the metastatic nodules were carefully examined and counted under microscope.

Animals were housed under standard conditions and cared for according to the institutional guidelines for animal care. The experiments were performed in accordance with the guidelines of the laboratory animal ethics committee of Sun Yat-sen University.

Luciferase reporter assay {#s4_11}
-------------------------

Oligonucleotides containing the wild-type (WT) or mutant (MT) puptative miR-335-5p or miR-15b-5p binding sites of the 3′-untranslated regions (3′-UTR) of the TRIM29 mRNA were ligated into the pMIR-REPORT vector (Ambion, Carlsbad, CA), respectively. 4×10^4^ cells per well were seeded in 24-well plates in triplicate. 24 h later, 100 ng firefly luciferase construct was co-transfected with 10 ng pRL-TK renilla plasmid into cells using Lipofectamine 2000 reagent (Invitrogen) in the presence of microRNA mimics, microRNA inhibitor or corresponding negative control. Media were replaced at 6 h, and the luciferase and renilla signals were measured 48 h after transfection using the Dual Luciferase Reporter Assay Kit (Promega), according to the manufacturer\'s protocol. The experiments were performed independently in triplicate.

Statistical analysis {#s4_12}
--------------------

The Chi-square test was used for correlation analysis between clinicopathological features of patients with NPC and TRIM29 expression profiles. The linear correlations between TRIM29, p4E-BP1 and PTEN expression in NPC tissues were evaluated with Pearson correlation coefficient analysis. The Student\'s *t*-test (two-tailed) was used to evaluate significant differences between pairs of experimental data where appropriate. SPSS version 16.0 statistical software package was used for statistical analyses. *P* \< 0.05 was regarded statistically significant (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001).

SUPPLEMENTARY MATERIAL TABLES {#s5}
=============================
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